BAY 1093884 is a fully human monoclonal antibody against the tissue factor pathway inhibitor (TFPI) in development as prophylaxis in patients with hemophilia with or without inhibitors. In vitro, BAY 1093884 binds to human, mouse, and monkey TFPI. The objective of this study was to find a pharmacodynamic (PD) biomarker after administration of BAY 1093884 to normal monkeys. In monkey plasma, BAY 1093884 exhibited an IC 50 (concentration that inhibits 50%) of 4.65 and 6.19 nM for free TFPI and diluted prothrombin time (dPT), respectively. The BAY 1093884 pharmacokinetic (PK) profile and its PD effects on dPT and free TFPI levels were assessed after intravenous and subcutaneous administration of BAY 1093884 (5 and 20 mg/kg) to female cynomolgus monkeys. Free TFPI concentrations in plasma decreased rapidly and increased to baseline in a dose-dependent manner. dPT clotting time was shortened and correlated with free TFPI levels and drug concentration in plasma, demonstrating the relationship between PD activities (dPT clotting time and free TFPI levels) and drug concentration. BAY 1093884 exhibited nonlinear PK, and a target-mediated drug disposition model was used to characterize the BAY 1093884 versus TFPI concentration-response relationship. We concluded that a mechanism-based PK/ PD binding model could be useful for predicting human response to BAY 1093884. For the first-in-human study, measurement of free TFPI will be included as part of the doseescalation design.
BAY 1093884 is a fully human monoclonal antibody against the tissue factor pathway inhibitor (TFPI) in development as prophylaxis in patients with hemophilia with or without inhibitors. In vitro, BAY 1093884 binds to human, mouse, and monkey TFPI. The objective of this study was to find a pharmacodynamic (PD) biomarker after administration of BAY 1093884 to normal monkeys. In monkey plasma, BAY 1093884 exhibited an IC 50 (concentration that inhibits 50%) of 4.65 and 6.19 nM for free TFPI and diluted prothrombin time (dPT), respectively. The BAY 1093884 pharmacokinetic (PK) profile and its PD effects on dPT and free TFPI levels were assessed after intravenous and subcutaneous administration of BAY 1093884 (5 and 20 mg/kg) to female cynomolgus monkeys. Free TFPI concentrations in plasma decreased rapidly and increased to baseline in a dose-dependent manner. dPT clotting time was shortened and correlated with free TFPI levels and drug concentration in plasma, demonstrating the relationship between PD activities (dPT clotting time and free TFPI levels) and drug concentration. BAY 1093884 exhibited nonlinear PK, and a target-mediated drug disposition model was used to characterize the BAY 1093884 versus TFPI concentration-response relationship. We concluded that a mechanism-based PK/ PD binding model could be useful for predicting human response to BAY 1093884. For the first-in-human study, measurement of free TFPI will be included as part of the doseescalation design.
INTRODUCTION
BAY 1093884, a fully human monoclonal antibody (mAb; immunoglobulin G2 [IgG2]) against tissue factor pathway inhibitor (TFPI) developed as prophylaxis for persons with hemophilia with or without inhibitors, is currently in a phase 1 clinical trial. In vitro, BAY 1093884 binds to human, mouse, rat, rabbit, dog, and monkey TFPI. TFPI is one of three major anticoagulants in blood circulation and presents primarily in alpha granules of platelets and the surface of endothelium (1) . The mean plasma TFPI concentration in healthy individuals is~1.6 nM, and about 80% of the circulating TFPI is bound to lipoprotein (2) .
Tissue factor pathway inhibitor plays an essential role primarily in the extrinsic pathway of the coagulation cascade and acts as an anticoagulant. TFPI is a member of the multivalent Kunitz-type serine protease inhibitors. It is now known that TFPI dampens the blood coagulation pathway by blocking the activity of two of the major protease-cofactor complexes, TF/activated factor VII (FVIIa)/activated factor X (FXa) (3) and prothrombinase (4) . This ability of TFPI to alter the contribution of the TF/FVIIa/Tenase and Prothrombinase complexes to thrombin generation can be exploited to treat bleeding disorders, and pharmacologic inhibitors of TFPI activity can restore hemostasis in animal models of hemophilia (5) .
Hemophilia A and B are genetic disorders caused by deficiency of FVIII or FIX, respectively. In principle, blocking TFPI activity can restore FXa and TF/FVIIa activity, thus prolonging the duration of action of the tissue factor pathway and amplifying generation of FXa, the lack of which is the common defect in hemophilia A and B. TFPI inhibitor (fucoidan) and aptamer ARC19499 have been shown to block FXa inhibition by TFPI and to be beneficial in restoring hemostasis and reducing blood loss in hemophilia A mice and induced hemophilia monkey models (6, 7) .
This study describes the pharmacokinetics (PK) of BAY 1093884 after single intravenous (IV) and subcutaneous (SC) administration to monkeys. Additionally, the effect on pharmacodynamic (PD) biomarkers after IV and SC administration of BAY 1093884 to normal cynomolgus monkeys and its relation to PK are discussed. The PK/PD model has been developed and could be used to predict the first-inhuman dose for BAY 1093884 that may be used for prophylaxis in patients with hemophilia.
MATERIALS AND METHODS

Reagents
BAY 1093884 is a Chinese hamster ovary cell linederived fully human IgG2 mAb directed to human TFPI and cross reactive to monkey, rabbit, dog, rat, and mouse TFPI. Its binding site is located in the K1/K2 domains of TFPI. The drug was supplied as a sterile solution in phosphate-buffered saline (PBS). The concentration of antibody solutions (original or diluted) was confirmed by ultraviolet absorption spectrometry. BAY 1093889 is another antihuman TFPI K2 mAb and was used to deplete TFPI in monkey plasma. The biotinylated mouse mAb to human TFPI was purchased from R&D Systems (Minneapolis, MN, USA). Protein characterization and analyses were performed at Bayer (San Francisco, CA, USA). The following tissue/plasma were used: Innovin recombinant human tissue factor (Dade-Behring, Marburg, Germany), FVIII-deficient human plasma (HRF Inc., Raleigh, NC, USA), and pooled cynomolgus monkey plasma (BioreclamationIVT, Westbury, NY, USA). All other chemicals were of reagent grade or better. Animal experiments were conducted in full compliance with local, national, ethical, and regulatory principles and local licensing regulations, per the spirit of the Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) International's expectations for animal care and use/ethics committees. Both assays are qualified and validated. Qualification ranges for LLOQ to the upper limit of quantitation (ULOQ) are 0.156 to 5 μg/mL for TFPI-capture assay and 0.312 to 5 μg/mL for IgG-capture assay. LLOQ and ULOQ are defined as concentrations with accuracy (% recovery) of 100% ± 25% variation and precision (%CV) of <25%.
Bioanalytical Methods for Measurement of Free and Total Drug Concentrations in Monkey Plasma Samples from PK Studies
Free and total concentrations of BAY 1093884 measured in monkey plasma of the PK/PD study were comparable. Therefore, all other samples were analyzed with the MSD measuring free concentrations (format 2) because this MSD format is applicable to clinical samples.
TFPI-Depleted Cynomolgus Monkey Plasma
Endogenous TFPI in the plasma of cynomolgus monkeys was depleted using an anti-TFPI antibody coupled to agarose beads. The AminoLink Plus Immobilization Kit (Pierce [catalog number, 44894] Fisher Scientific, Pittsburgh, PA, USA) was used to covalently attach antihuman and monkey TFPI K2 domain antibody BAY 1093889 to a beaded agarose support. The AminoLink Plus Resin contains aldehyde groups that spontaneously and specifically react with primary amines (-NH 2 ) present in the target protein. The resulting semistable Schiff base bonds are reduced with sodium cyanoborohydride, resulting in stable secondary amine bonds.
Anti-TFPI Column Preparation
Coupling of BAY 1093889 to the AminoLink Plus Resin was performed following the manufacturer's instructions. All kit components were used at room temperature (RT), and all AminoLink Plus Column centrifugations were performed at 1000×g for 1 min using a 15-mL collection tube. The AminoLink Plus Resin was not allowed to become dry at any time.
The pH 7.2 coupling buffer (CB) was prepared by dissolving the contents of BupH™ Phosphate Buffered Saline Pack (included in the kit; Fisher Scientific) with 500 mL of deionized filtered water (0.1 M phosphate, 0.15 M sodium chloride, pH 7.2). The concentration of BAY 1093889 was 10.89 mg/mL. Three 1-mL vials were pooled and diluted with 9 mL CB (pH 7.2) in a 15-mL conical tube. A small aliquot was saved as the starting, uncoupled control. The AminoLink Plus Resin (2-mL column, 4% beaded agarose supplied as a 50% slurry in 0.02% sodium azide) was suspended by endover-end mixing. To avoid drawing air into the column, the top cap was removed first, followed by the bottom tab. The column was centrifuged to remove the storage buffer, and 2 mL of pH 7.2 CB was added and centrifuged. This was repeated with an additional 2 mL of pH 7.2 CB. The bottom cap was replaced, and 5 mL of BAY 1093889 dissolved in pH 7.2 CB was added to the AminoLink Plus Column. In a fume hood, 55 μL of sodium cyanoborohydride solution (included with kit, 5 M stock solution dissolved in 1 M NaOH) was added to the reaction slurry (results in~50 mM NaCNBH 3 ). The top cap was replaced and the column was mixed by rocking end-over-end at RT overnight. Following the overnight incubation of BAY 1093889 with the resin, the top and bottom caps were removed and the column was placed into a new tube and centrifuged to collect nonbound protein. The flow-through was saved and coupling efficiency was determined by comparing the protein concentrations of the nonbound fraction to the starting sample (by measuring the OD 280 using a spectrophotometer). This protocol gave a coupling efficiency of >95%. To block any remaining active sites, the column was washed with 2 mL of quenching buffer (enclosed with kit, 1 M Tris-HCl, 0.05% sodium azide, pH 7.4). In a fume hood, 2 mL of quenching buffer was added to 40 μL of sodium cyanoborohydride solution, and the resulting solution was added to the column (results in 50 mM NaCNBH 3 ) and mixed gently for 30 min by end-over-end rocking at RT. Following the quenching step, the column was placed into a new tube and centrifuged to remove quenching buffer. Reactants and noncoupled protein were washed away with 2 mL of wash solution (included with kit, 1 M NaCl, 0.05% sodium azide) and centrifuged. This step was repeated four times, and the wash was monitored for the presence of protein.
TFPI Depletion in Monkey Plasma
Monkey plasma from six males and six females anticoagulated with 3.8% sodium citrate (lot# CYN97393, BioreclamationIVT) was pooled for TFPI depletion. The BAY 1093889-coupled column was equilibrated with 30 mL of phosphate-buffered saline (PBS; 0.1 M phosphate, 0.15 M sodium chloride, pH 7.2) at 4°C using a Pharmacia Biotech PUMP P-50 (Piscataway, NJ, USA) set at a flow rate of 1 mL/ min. The plasma was then loaded onto the column at a starting flow rate of 4 mL/min. Three initial fractions of 5 mL each were collected but not included in the TFPI-depleted plasma used for subsequent experimentation. The remaining plasma was loaded onto the column at a flow rate of 0.1 mL/ min. The depleted plasma was reloaded onto the column using the same conditions. All depletion steps were performed at 4°C. Qualification of TFPI-depleted monkey plasma was assayed by activated partial thromboplastin time (aPTT), prothrombin time (PT), diluted PT (dPT), and TFPI ELISA ( Table I ). The data indicated that no coagulation factors were lost during depletion, only TFPI was removed from the plasma.
FXa Capture ELISA for Measuring Free TFPI in Monkey Plasma
N i n e t y -s i x -w e l l p l a t e s ( I m m u n l o n ® 2 H B ; ImmunoChemistry Technologies, Bloomington, MN, USA) were coated with 5 μg/well of human FXa in PBS overnight at 4°C. The plates were blocked with 200 μL/well of 1% BSA-PBS for 2 h at RT. One hundred microliters of 1:10 diluted monkey plasma samples and TFPI calibration plasma (human TFPI spiked in TFPI-depleted monkey plasma range from 0 to 500 ng/mL) were added to each well and incubated at RT for 2 h. After wash, 100 μL of 0.1-μg/mL biotin-linked anti-TFPI polyclonal Ab (R&D Systems [catalog number, BAF2974]) in 1% BSA-PBS was added to each well and incubated for 2 h at RT. After wash, 100 μL of 1:200 diluted horseradish peroxidase-conjugated streptavidin (R&D Systems [catalog number, DY2974E]) was added and incubated for 30 min. The signal was developed by incubation with Amplex red (33 μg/mL, Invitrogen, Eugene, OR, USA) together with 3% H 2 O 2 (1/1000 dilution; Sigma-Aldrich, St Louis, MO, USA) in PBS for 30 min at RT, and read at an excitation wavelength of 485 nm and an emission wavelength of 590 nm. IC 50 values for BAY 1093884 were derived from the in vitro experiments by spiking serial concentration of BAY 1093884 into pooled normal cyno plasma; TFPI levels were subsequently measured. The IC 50 was calculated by nonlinear regression fit (four parameters): log (BAY 1093884 conc) vs. response (free TFPI).
Diluted Prothrombin Time Assay in Cynomolgus Monkey Plasma
Diluted PT assay in monkey plasma was modified based on a previous report (8) . A serial dilution of antibodies starting at 3 μM was made in the normal cynomolgus monkey plasma. For each clotting reaction, 50 μL of diluted Innovin (recombinant tissue factor, 1/10,000 dilution,~1 pM) was added to the 50 μL of antibody and plasma mixture, and this was followed by incubation at 37°C for 4 min. The clotting assay was initiated immediately after addition of 50 μL of CaCl 2 (HemosIL, Instrumentation Laboratories, Bedford, MA, USA) to a final concentration of 25 mM on the ACL TOP coagulometer (Instrumentation Laboratories). IC 50 
Dose Administration and Blood Samples
Cynomolgus monkeys weighing 2 to 4 kg were used. In the first single-dose IV study, three female cynomolgus monkeys were used for each dose group (5 mg/kg over 2-to 5-min infusions). Blood samples were obtained before and immediately after dose administration and at 5 min, 15 min, 30 min, 1 h, 4 h, 8 h, and 24 h after dosing on day 1. Additional samples were collected on days 3, 7, 8, 14, 16, and 21.
In the second IV study, the animals were administered single doses of 20 mg/kg as IV bolus. Two female cynomolgus monkeys were used for each dose group. Blood samples were obtained before and immediately after dose administration and at 15 min, 30 min, 1 h, 4 h, 7 h, 11 h, and 24 h after dosing on day 1. Additional samples were collected at 32 h and on days 2, 4, 7, 10, 14, 21, and 28 (days 21 and 28 blood samples in the 20-mg/kg dose group only).
In another separate SC study, three female cynomolgus monkeys received a 5-mg/kg dose of BAY 1093884 (drug injection volume was 0.5 mL/kg body weight). Blood sample collection was performed at the following time points: 0 (predose); 0.5, 1, 2, 4, and 8 h; and days 1, 2, 3, 7, 9, 14, 16, and 22.
All blood samples were collected in 28G butterfly needle syringes with prefilled anticoagulant (3.8% sodium citrate) at a 9:1 ratio (9 volumes of blood to 1 volume of 3.8% sodium citrate). Plasma was prepared by centrifugation of blood at 10,000 rpm for 10 min and stored at −80°C until analysis.
Pharmacokinetics and Pharmacodynamics Model
For noncompartmental PK analysis, PK parameters were calculated from the mean plasma concentrations by noncompartmental analysis using ToxKin software (9) . BAY 1093884 displays target-mediated drug disposition (TMDD) in cynomolgus monkeys, as shown from the PK data. Thus, an estimation of PK and therapeutic dose in humans by a conventional species scaling approach was not applicable. Therefore, a mechanistic TMDD model to describe the nonlinear PK of the anti-TFPI antibody was developed. Drug in the central compartment binds to free TFPI according to its binding affinity. Once formed, the antibody-TFPI complex may dissociate or be internalized via receptor-mediated endocytosis and subsequently degraded. Synthesis and degradation rates of TFPI are also accounted for in the model. Additionally, unbound antibody can be directly eliminated from the central compartment or reversibly distributed in other tissues. A quasi-steady-state (QSS) approximation of the full TMDD model was applied, assuming that the drugtarget association and dissociation processes are much faster than the linear processes of drug distribution/elimination (10) . The PK analysis for estimating the PK and system parameters was carried out using Phoenix ® (version 6.4, Pharsight, Certara, L.P., Princeton, NJ, USA). Data fitting was performed on the mean values of all measured concentration data applying the naïve pooled algorithm. A schematic illustration of the QSS approximation is shown in Fig. 1 . The synthesis (K syn ) and degradation (K deg ) of free TFPI are also reflected in the diagram (11) .
RESULTS
Pharmacokinetics of BAY 1093884 (IV and SC) in Cynomolgus Monkeys
The PK and disposition profile of BAY 1093884 was evaluated in conscious female cynomolgus monkeys (weight range, 2-4 kg) obtained from Hartelust BV (Tilburg, The Netherlands). BAY 1093884 was administered as a single intravenous 2-min infusion at 5 mg/kg or single intravenous bolus doses (<30 s) of 20 mg/kg after cannulation of a superficial limb vein. For the SC administration, a single injection was administered in the lateral chest wall.
Monkey PK samples were analyzed by using both IgGcapture and TFPI-capture assay formats (Fig. 2a, b) . BAY 1093884 showed a similar PK profile using the two assay formats. Time versus concentration profiles are shown in Fig. 2c, d . Nonlinear drug concentration versus time profiles were observed after 5-and 20-mg/kg IV doses in cynomolgus monkeys (Fig. 2e) . In Table II , the PK parameters were calculated based on data generated from the IgG-capture assay only. The half-life, clearance (CL), and volume of distribution at steady state after the 5-mg/kg IV dose were 28 h, 1.2 mL/h/kg, and 48 mL/kg, respectively. The half-life, clearance, and volume of distribution at steady state after the 20-mg/kg IV dose were 67 h, 0.6 mL/h/kg, and 71 mL/kg, respectively. The time to maximum concentration (t max ) and maximum plasma concentration (C max ) after the 5-mg/kg SC dose were 48 h and 23 μg/mL, respectively. SC bioavailability is estimated to be 52% (range 48-56%, n = 3). Table II shows PK parameters generated from the TFPI-capture assay. The half-life, clearance, and volume of distribution at steady state Fig. 1 . TMDD model describing nonlinear PK of BAY 1093884. Drug in the central compartment (C p ) can distribute to tissue sites (C tissue , CLD), be eliminated from the system (CL), or bind to the TFPI target (R) to form a drug-target complex (RC). This complex then either dissociates or rebinds (K ss ) or is internalized and degraded (K int ). CL plasma clearance, CLD distribution plasma clearance (plasma to tissue), k deg receptor degradation rate, k int internalization rate of RC, K ss steadystate rate constant, k syn receptor synthesis rate, PK pharmacokinetics, R receptor, RC tissue factor pathway inhibitor-drug complex, TMDD target-mediated drug deposition are nearly identical by both assay formats. SC bioavailability is estimated to be 61% (range 57-74%, n = 3) using the TFPIcapture assay format.
Pharmacodynamics of BAY 1093884 in Cynomolgus Monkeys
Free TFPI Assay
To measure functional free TFPI in cynomolgus plasma after administration of BAY 1093884, we have developed a quantitative ELISA assay using TFPI-depleted cynomolgus plasma. Free TFPI in plasma, which does not bind BAY 1093884, will bind to the FXa on plates. Free TFPI levels in normal monkey plasma ranged from 18 to 52 ng/mL (Table III) . Similar free TFPI levels in normal and hemophilic plasma were observed. A half-maximal inhibitory concentration (IC 50 ) value of 4.65 nM was observed for reduction in free TFPI in cynomolgus plasma by BAY 1093884 (Fig. 3a) .
After IV dosing of BAY 1093884 at 5 mg/kg, TFPI levels in two of three cynomolgus monkeys were maintained at low levels for 7 to 8 days; in one animal, the TFPI levels were back to normal at day 7 after dosing ( Fig. 4a) . After a single IVadministration of 20 mg/kg BAY 1093884, free TFPI levels were suppressed to <10% of the baseline level for 17 days in all three animals (Fig. 4b) .
After SC dosing of BAY 1093884 at 5 mg/kg, plasma TFPI levels in all three cynomolgus monkeys dropped tõ 50% of baseline in 30 min and to <10% at 1 h; TFPI levels remained low until day 3, started to rise at day 7, and returned to predose levels at days 9 to 22 (Fig. 4c) . 
Diluted Prothrombin Time Assay
We have employed a second functional clotting assay to evaluate the PD of BAY 1093884. dPT assay is an extrinsic pathway-based assay with coagulation activated by the action of thromboplastin (tissue factor) on FVII/FVIIa. If functional TFPI is present in the plasma, the FVIIa will be inhibited, and FXa generation will be blocked; in turn, the dPT clotting time will be prolonged. In the presence of anti-TFPI-neutralized Ab, TFPI will be inhibited, thereby restoring the TF-initiated coagulation. In this assay, an IC 50 value of 6.19 nM was observed for shortening dPT clotting time in cynomolgus plasma by BAY 1093884 (Fig. 3b) . After IV dosing of BAY 1093884 at 5 mg/kg, similar to TFPI levels, dPT clotting time was shortened for 7 to 8 days in two of three cynomolgus monkeys; in only one animal did the dPT clotting return to baseline levels at day 7 (Fig. 5a) .
After SC dosing of BAY 1093884 at 5 mg/kg, dPT clotting shortened in all three monkeys immediately after dosing (<1 h) and was maintained at a shortened clot time (146-190 s) until day 7, and then started to rise at day 9, returning to predose levels (>240 s) at days 9 to 22 (Fig. 5b) .
PK/PD Correlation of BAY 1093884 in Cynomolgus Monkeys
Drug concentration, plasma TFPI levels, and dPT time course are shown in Fig. 6 . After the 5-mg/kg dose of anti-TFPI mAb IV and/or SC, TFPI levels decreased to a minimum of <10% at the earliest sampling time (5 min) for IV and at 1 h for SC and maintained at the lowest within 72 h, then gradually returned to baseline. Around days 7 to 8, TFPI levels remained at 50% inhibition; the drug concentration at this time was approximately 1.62 μg/mL (10.1 nM).
Generally, dPT decreased from a predose value of 260 to 280 s to~160 s at the earliest time after drug administration for IV or SC. Similarly to TFPI, around days 7 to 8, dPT clotting increased by 50 to 60 s and remained at~50% inhibition; the drug concentration at this time point was approximately 1.65 μg/mL (10.3 nM).
The above data showed that both free TFPI and dPT profiles are inversely correlated to drug concentration after administration of IV and SC BAY 1093884, clearly demonstrating the PK/PD relationship in cynomolgus monkeys.
PK/PD Modeling
The concentration versus time (c/t) profiles of BAY 1093884 and free TFPI in plasma after IV administration of 5 and 20 mg/kg to cynomolgus monkeys were fitted simultaneously using a mechanistic TMDD model as described in the BMaterials and Methods.^A good agreement between observed and fitted concentrations was obtained, and all parameters including TFPI synthesis and degradation rate could be estimated (Fig. 7) . We simulated target occupancy (%) after IV infusion of different doses in humans using the model developed. At 0.4 mg/kg, TFPI inhibition is expected to be between 83 and 93% up to 24 h. AUC (0-168 h) is estimated to be about 147 mg*h/L, and C max is expected to be about 7.8 mg/L. This is close to the other anti-TFPI antibody reported in the phase 1 trial (0.25 mg/kg, IV) (12).
DISCUSSION
Monoclonal antibodies have unique PK properties that are not solely defined by the structure of the mAbs. The concentration and distribution of the target antigen can have a significant impact on the PK of mAbs as well as on PK linearity (13) (14) (15) (16) . It is important to consider the bioanalytical (immuno)assay specificity (for example, whether one is measuring the concentration of bound, free, or total mAbs) when comparing the PK behavior of different mAbs.
In this study, TFPI mAb (BAY 1093884) immunoassay measured free drug (TFPI mAb) and total drug (TFPI Ab and TFPI Ab-TFPI complex) concentration in blood. BAY 1093884 at a dose of 5 mg/kg IV and SC showed similar PK profiles for free drug and total drug using the two assay formats; this similarity is likely the result of the administration of a saturating dose of TFPI mAb and a very low concentration of TFPI in plasma (1.6 nM). The PK profiles of both assays show similar elimination phase half-life (25-28 h) in cynomolgus monkeys administered 5 mg/kg BAY 1093884.
The PK of therapeutic mAbs is determined by target/ receptor-and nontarget-mediated mechanisms influencing the (non)linearity of this process. TMDD is one of the key determinants of the PK of therapeutic mAbs and has been widely described, especially for mAbs binding to cell surface targets and high endogenous target levels. Clearance via the target-mediated pathway is influenced by interaction of the mAb with the neonatal Fc receptor (FcRn), which recycles the mAb back into the extracellular fluid (17). However, this target-mediated clearance mechanism is saturable and can lead to a nonlinearity in PK. The PK at different doses can provide useful information about saturation because the halflife will increase with increasing dose as the FcRn receptor is progressively blocked.
According to Deng et al. (18) , the CL of 12 mAbs in cynomolgus monkeys with linear PK ranged from~5 to 12 mL/day/kg. Other investigators reported CL values for mAbs with linear and nonlinear PK ranging from 4 to 206 mL/day/kg in nonhuman primates (19) . In our study, anti-TFPI Ab had a CL of 28.8 mL/day/kg at the 5-mg/kg dose in cynomolgus monkeys. CL at the 20-mg/kg dose was 14.4 mL/ day/kg, indicating nonlinear PK. Additionally, the half-life of BAY 1093884 was significantly shorter than seen for other therapeutic antibodies in cynomolgus monkeys, further indicating a TMDD mechanism for BAY 1093884. This is consistent with another anti-TFPI antibody (12, 20) . There are two forms of TFPI, TFPIα and TFPIβ. In vivo, most TFPI (~85%; mainly TFPIβ) is expressed on the surface of vascular endothelial cells. Approximately 10% of TFPI (TFPIα) circulates in plasma at a concentration of approximately 1.6 nM in humans (2) . Approximately 5% of TFPI is present within resting platelets. The endothelium surface TFPI antigen might have an impact on the disposition of this humanized TFPI mAb, but further investigation is warranted.
As with the one-target TMDD model, the drug-target association process is usually much faster than the processes of drug dissociation/distribution/elimination and of elimination of the target and the drug-target complex (11) . Additionally, in this example, the rate of elimination of the complex is not negligible compared with the dissociation rate. Therefore, a QSS approximation was applied as follows: the steady-state constant (K ss = KD + k int /k on ) was introduced, and the number of unknown parameters was reduced (k off disappears from the equation). Upon fitting of the concentration versus time profiles of BAY 1093884 and free TFPI to the QSS model, a good correlation between observed and fitted concentrations was obtained (Fig. 7) . Furthermore, this model could be easily applied to human dose prediction in the assumption that (1) unbound fractions of free TFPI are similar in female and male cynomolgus monkeys and humans and (2) human PK and system parameters (synthesis and degradation rates of TFPI [k syn , k deg ], internalization rate of the complex [k int ]) can be obtained by single-species scaling from monkeys. During drug research and development, it is usually preferred to measure free drug and free target concentrations if feasible because the free concentrations directly drive efficacy and reflect target coverage. To describe the mechanistic properties of TFPI mAb, the PK/PD model was developed to describe the change of free TFPI and its complex concentration in blood. dPT has been considered as a clinically relevant measurement of blood clotting and is used for detection of any abnormality of the extrinsic pathway in the coagulation system (21) . We have employed dPT assay as a second PD assay to evaluate how well free TFPI functions as a predictive PD marker. As shown in Fig. 6 , both free TFPI and dPT profiles correlate with drug concentration similarly after IV and SC administration to cynomolgus monkeys.
The variation of free TFPI in the IV dose group (Fig. 4a ) is much greater than that in the SC dose group (Fig. 4c) . This is likely associated with the variability of drug clearance in different animals because the initial drug load and base TFPI levels are similar in all animals dosed at 5 mg/kg (IV and SC).
There are several major catabolisms for TFPI Ab drug in vivo. Immediately after administration of TFPI mAb, nearly all of the circulating free TFPI was bound to TFPI mAb. After this initial increase in TFPI Ab-TFPI complex, the formation rate of complex is determined by the production rate of free TFPI in blood. Meanwhile, the free mAb in blood will also bind to TFPIβ on the endothelium, where the complex might be internalized and degraded. Lastly, the free mAb and mAb-TFPI complex also binds to FcRn on the endothelium. The FcRn-bound Ab-TFPI complex is internalized into endocytic vesicles, where the TFPI are degraded, while free Ab recycles back into the blood circulation.
CONCLUSION
In conclusion, both dPT and free TFPI preclinical PD markers correlated well with concentration of the Ab after single-dose administration of BAY 1093884 to cynomolgus monkeys. A mechanistic TMDD model and several modifications of it have been established and applied to describe the nonlinear PK of BAY 1093884, and this model was able to describe the dose-dependent effect of TFPI mAb on the suppression of TFPI activity and the prolongation of dPT response in cynomolgus monkeys. The k on and KD values as determined by in vivo modeling and via Biacore in vitro are very similar. The highest parameter precision was achieved in the model assuming irreversible binding to the target without internalization. The system parameters as determined in monkeys using a TMDD-based model can easily be scaled to humans, and an efficacious dose can be estimated. The present model was developed on the concept of antibodyligand interaction and should be generally applicable to the study of response profiles of therapeutic mAbs in the clinical setting.
